A combined process coupling an electro-Fenton pretreatment and a biological degradation in order to mineralize sulfamethazine (SMT) was investigated. The electro-Fenton pretreatment of SMT was first examined and the intermediates products were identified for an intial SMT amount of 0.36 mM, after 1 h electrolysis at pH 3, 18°C, 200 mA. 94.2% SMT was degraded but the level of mineralization remained low (6.5%), ensuring significant residual organic content for a subsequent biological treatment. Two possible degradation reaction pathways involving all the identified and quantified intermediates are proposed. In a second part, biological treatments with fresh activated sludge were performed to complete the mineralization of the electrolyzed solution of SMT, showing an increase of the mineralization yield with time duration of the pretreatment. For an initial SMT concentration of 0.2 mM, a ferrous ions concentration of 0.5 mM, at pH 3, 18°C and 500 mA, the mineralization yield during the biological treatment increased as follows: 61.4, 78.8 and 93.9% for 0.5, 1 and 4 h pretreatment, confirming the relevance of the proposed combined process.
Introduction
Veterinary antibiotics are largely used for three purposes in animals: to treat sick animals, to prevent infection in animals and as growth promoters to improve feed utilization and production (Barton 2000) . However, these antibiotics can reach the environment when they are excreted by animals through urine and feces and thereafter applied to soils as an organic fertilizer. Since these antibiotics are often found to be recalcitrant after excretion (Kwon-Rae et al. 2011) , several researches (Burkhardt et al. 2005; Kay et al. 2005) have proved that these compounds can spread to the groundwater and the surface water by infiltration and runoff, respectively. If these compounds are not eliminated, it can threaten the environment with the potential of adversely affecting aquatic and terrestrial organisms. Consequently and to avoid such contamination, their removal from wastewater appears to be an important current issue.
A wide variety of processes has been therefore studied in order to remove such pollution.
Among destructive processes, advanced oxidation processes (AOP) have received great interest in the recent years (Brillas et al. 2009; Uslu and Balcioglu 2009; Pérez-Moya et al. 2010; Pérez-Moya et al. 2011; Saghafiniaa et al. 2011; Batista and Nogueira 2012; Garcia-Segura et al. 2012; Nasuhoglu et al. 2012; Sirés and Brillas 2012; Wei et al. 2012) . These processes are based on the generation of very reactive, non-selective powerful oxidizing agents such as hydroxyl radicals • OH in solution (Ghoneim et al. 2011) . Concerning the electro-Fenton process (Jiang and Zhang 2007; Oturan and Brillas 2007; Peralta-Hernandez et al. 2009; Muhammad et al. 2010) , H 2 O 2 is produced in an acidic medium from the electrochemical reduction of O 2 at the cathode (reaction 1). The generated H 2 O 2 reacts with the added Fe 2+ ions to produce hydroxyl radicals • OH and Fe 3+ ions from the Fenton's reaction (reaction 2), which is favored by the catalytic action of the Fe 3+ /Fe 2+ system, mainly from the regeneration of Fe 2+ by the cathodic reduction of Fe 3+ (reaction 3) (Garcia-Segura et al. 2012) . Moreover, the method and the involved reactor are easy to handle and to use.
Due to a relatively high operational cost of AOP, potential advantage of the strategy of combining chemical and biological processes to treat contaminants in wastewater was previously suggested Ollis 1995, 1997; Oller et al. 2011) . AOP constitute a pretreatment in order to increase the biodegradability of the recalcitrant compounds, leading to the formation of non toxic by-products, more readily metabolizable by microorganisms (De La Rochebrochard D'Auzay et al. 2007; Poyatos et al. 2010) .
For this purpose, integrated processes including either UV/H 2 O 2 or UV/O 3 (Ledakowicz et al. 2001 ), photo-Fenton (Farré et al. 2008) , photo-Fenton UV/Fe 3+ /H 2 O 2 (Dominguez et al. 2005) photocatalysis (Parra et al. 2002) or electro-Fenton (Lin and Chang 2000; Khoufi et al. 2006) followed by biological treatment have been proposed to treat wastewater containing recalcitrant compounds.
The implementation of a direct electrochemical pretreatment and a biological process has been performed in the lab for the treatment of two pesticides, phosmet and 2,4-D, leading to 97 % and 85% mineralization, respectively (Alonso salles et al. 2010; Fontmorin et al. 2012) .
The feasibility of an electro-Fenton process for the pretreatment of synthetic aqueous solutions of a veterinary antibiotic, sulfamethazine, was previously verified (Mansour et al. 2012 ). To complete this previous work, the relevance of the combined process for sulfamethazine treatment should be assessed. For this purpose, an aerobic biological treatment was carried out using activated sludge obtained from a local wastewater treatment plant. In parallel, identification and quantification of by products has been carried out in order to propose mechanisms of electro-Fenton degradation of sulfamethazine.
Compounds structurally close to sulfamethazine have been studied using electro-Fenton as degradation process. Wang et al. (2011) have suggested a degradation mechanism for sulfamethoxazole thanks to the research of by-products by LC-MS, but no quantification nor naming have been made. Dirany et al. (2012) have followed the degradation of sulfachloropyridazine with a combination of electro-Fenton and electro-oxidation using a bore doped diamond electrode (BDD). A mechanistic pathway was deduced from the identification of by products and the evolution of the toxicity by means of a test based on Vibrio fischeri has been followed. However, no biodegradation has been carried out on the electrolyzed solutions in these two studies. Aldrich. The initial pH of solutions was adjusted to 3 using H 2 SO 4 , the optimal pH value for electro-Fenton process (Diagne et al. 2007 ), using analytical grade sulphuric acid from Acros.
All solutions were prepared with ultra-pure water and all the other chemicals used for analysis were purchased from Acros Organics and Sigma Aldrich.
Electrochemical reactor and Procedures
The degradation of the organic matter by the electro-Fenton process was carried out in duplicate in an undivided cylindrical glass cell equipped with two electrodes; the working volume was 1 L. The dimensions of the carbon felt piece placed on the inner wall of the cell (Le Carbone Lorraine RVG 4000 -Mersen, Paris La Défense, France), which was used as the cathode, were 260 mm×80 mm. Its specific area, measured by the BET method was 0.7 m 2 g −1 , its thickness was 12 mm, its density was 0.088 gcm −3 and its carbon yield was 99.9%.
The anode was a cylindrical platinum electrode (50 mm×20 mm) located in the center of the electrochemical reactor to have a good potential distribution. Prior to electrolysis, compressed air was bubbled for 10 min through the solution at a flow rate of 450 cm 3 min −1 to saturate the aqueous solution.
The pH of the solutions was adjusted to 3 by sulfuric acid (H 2 SO 4 ). A catalytic quantity of pump (flow rate of 2 L min −1 ). The temperature was maintained at 18°C and the initial sulfamethazine concentration was 0.36 mM.
Analytical Procedures

LC-MS/MS method
Ultra-pressure liquid chromatography
The devices used are detailed in previous works (Gervais et al. 2008; Fontmorin et al. 2012 ).
The analytes were separated by a Waters Acquity UPLC system (Waters, Manchester, UK)
consisting of an Acquity UPLC binary solvent manager, an Acquity UPLC sample manager and an Acquity UPLC column heater equipped with a Waters Acquity UPLC BEH C18 column (2.1 mm× 100 mm, 1.7 μm particle size) (Milford, MA, USA). Isocratic LC elution was performed with 0.1% formic acid in acetonitrile as mobile phase A and an ultrapure water 9:1 acetonitrile (v/v) mix, with added 0.1% (v/v) of formic acid as mobile phase B. Separation of the analytes on the column was performed at 0.4 mL min −1 flow rate.
Tandem mass spectrometry equipped with an electrospray ionization source was used for degradation products detection.
MS/MS detection was performed in positive mode. Source conditions were capillary voltage 3 kV, source temperature 120 °C and desolvation temperature 350°C. The cone and desolvation gas flows (N 2 ) were 75 and 750 L h −1 , respectively. High-purity argon (99.99%, Air Liquid, Paris, France) was used as collision gas. The analytical device was controlled by Micromass MassLynx 4.1 software.
Ion chromatography
Generated carboxylic acids were identified by DIONEX DX120 ion chromatography equipped with a conductivity detector, using an anion-exchange column AS18 (4 × 250 mm)
as the stationary phase, and a solution of Na 2 CO 3 (9 mM) in water as the mobile phase. The flow rate was set at 1 mL min -1 (Yahiat et al. 2011 ).
Chemical Oxygen Demand (COD) measurements
Chemical Oxygen Demand (COD) was measured by means of Nanocolor ® tests CSB 40 and 160 from Macherey-Nagel (Düren, Germany). The amount of oxygen required for the oxidation of the organic and mineral matter at 148 °C for 2 h was quantified after oxidation with K 2 Cr 2 O 7 at acidic pH ).
Total Organic Carbon (TOC) measurements
The solutions were filtered on Sartorius Stedim Minisart 0.40 µm GF prefilters (Goettingen, Germany to 7. Activated sludge was added in order to have initial concentration of 1 g L -1 of dry matter.
Cultures were agitated at room temperature (25°C) and 5 mL samples were taken regularly, filtered through 0.45 μm-syringe filters and injected for TOC measurements.
Results and Discussion
Pretreatment of SMT by the electro-Fenton process
Electrolysis of 0.36 mM (100 mg L -1 ) SMT showed a rapid degradation until 94.2% of elimination after 1 h pretreatment at pH 3, 18°C, 200 mA, 0.1 M of ferrous ions and 50 mM of Na 2 SO 4 . (Fig.1) . A low level of mineralization was concomitantly observed (6.5% - Fig.1 It can be noticed that in view of a readily analysis of the results, the ratios of the considered parameter amount at a given time t to its initial amount are displayed in Fig.1 .
Identification of the intermediates products
Concomitantly to the degradation of 0.36 mM SMT concentration, in order to elucidate the mechanism of the electro-Fenton oxidation, identification of the main reaction intermediates have been conducted. This identification was carried out by LC-MS/MS analysis by comparing their retention time and their molar mass with those of commercially available standard compounds (Table 1) . Generated carboxylic acids were identified by ion chromatography and their retention times were compared with standard compounds ( Table 2) .
The time-course changes of intermediate compounds formed showed that these aromatic compounds are formed simultaneously with the degradation of the target compound (Fig.2) .
The major product which was formed at the beginning of the electrolysis with a high concentration (4.22 µM) was 2-amino-4,6-dimethylpyrimidine (from the N-S bond cleavage), which reached its maximum concentration after 30 minutes and then began a slow degradation.
The simultaneous apparition of 2-hydroxy-4,6-dimethyl pyrimidine and sulfanilamide boded well for the breaking of the azo bond (C-N). It was found that the concentration of 2-hydroxy-4,6-dimethyl pyrimidine reached a maximum value lower than 0.05 µM after 40 minutes of electrolysis and then followed a slow degradation kinetic. However, the rapid decrease of the concentration of sulfanilamide by the 10th minute of treatment suggested that it was an intermediate product which was rapidly transformed. Furthermore, the shape of the curve corresponding to sulfanilic acid showed an opposite trend to that of sulfanilamide. These opposite trends between these two compounds can be assumed to the fact that the sulfanilamide was oxidized during the process in sulfanilic acid, and the latter caused the rapid formation of 4-aminophenol whose changes showed an increase parallel to that of the acid. On the other hand, the 4-((4,6-dimethyl-2-pyrimidinyl)-amino) phenol appeared during the first minutes of treatment, reaching a maximum concentration of 2.35 µM after 50 minutes of electrolysis. It was formed by oxidation of the N-(4-aminophenyl)-4,6-dimethyl-2-pyrimidiamine whose changes during the degradation of SMT have not been followed, because no standard of this compound was commercially available.
The comparison of Fig.1 and Fig.2 showed an almost total SMT disappearance (94.2 %) after 60 min of electrolysis under the experimental conditions used, while the total degradation of the intermediate compounds required a longer time, as shown from an electrolysis carried out on a longer time (4 h -not shown).
Degradation pathway of SMT
Based on the identified degradation products (Tables 1 and 2) , two plausible degradation pathways for the electro-Fenton degradation of SMT have been proposed (Fig.3) . The intermediates products identified suggest that the degradation process can be initiated by two possible paths due to the oxidative attack of • OH: a cleavage of the C-N bond leading to the formation of sulfanilamide (C 1 ) and 2-hydroxy-4,6-diméthylpyrimidine (C 2 ) (path A), and a cleavage of the N-S bond leading to the formation of Sulfanilic acid (C 3 ) and 2-Amino-4,6diméthylpyrimidine (C 4 ) (path B). The 4-Aminophénol (C 5 ) can be formed from the desulfonation and the hydroxylation of C 3 . Subsequently, these by-products can be oxidized and hence undergo ring cleavage reactions leading to the formation of short chain aliphatic acids such as glyoxylic, succinic and oxalic acids which were the last by-products before mineralization (Fig.3a) , as shown from an experiment carried out on a longer time (4 h -not shown).
Another degradation pathway for sulfamethazine can be proposed on the basis of the intermediate products identified (Fig.3b ). At first, the N-(4-aminophenyl)-4,6-dimethyl-2pyrimidinamine (C 7 ) may appear as the product of a SO 2 extrusion, a phenomenon frequently exhibited by sulfonamides (Neafsey et al. 2010) . Then, the 4-((4,6-dimethyl-2-pyrimidinyl)amino)-phenol (C 6 ) can be formed by the hydroxylation of (C 7 ). The hydroxyl radical attacked the C-N bond in (C 7 ) producing the 4-Aminophenol (C 5 ) and the 2-Amino-4,6dimethylpyrimidine (C 4 ). On the other hand, a cleavage of the C-N bond of (C 6 ) leading to the formation of 4-Aminophenol (C 5 ) and 2-hydroxy-4,6-dimethylpyrimidine(C 2 ) may occur.
The (C 2 ) can be also produced by hydroxylation of C 4 .
The oxidation of these aromatic derivatives during electro-Fenton process led to the formation of short chain aliphatic acids such as glyoxylic, succinic and oxalic acids which are the last by-products before mineralization. Dirany et al. (2012) have studied the oxidation by hydroxyl radicals of sulfachloropyridazine, a sulfonamide antibiotic with a structure similar to those of sulfamethazine. They have suggested different mechanisms of degradation and some are in agreement with the initial step proposed in this work for SMT, namely either the release of the sulfate group (mechanism B) or the cleavage of the S-N bond (mechanism A).
On the one hand, a partial mineralization, as experimentally observed (6.5% - Fig.1 ), ensure significant residual organic content for a subsequent biological treatment, and on the other hand the ring opening may lead to the presence of short chain aliphatic acids (Fig.3 ). From this, an improvement of the biodegradability can be expected (see 3.4).
Biodegradation of the electrolyzed solution of SMT
A first biological treatment was tested on non-treated SMT and a SMT solution pretreated in the above conditions (see 2.2), and used for the identification of SMT by products (Fig.4) .
In these conditions, the mineralization yield of the pretreated solution remained limited (6.5%), and hence an important part of the initial organic content remained available for microbial growth. An activated sludge culture of such solution was then carried out for 17 days (Fig.4) . The biological treatment was carried out in duplicate and both are displayed in the figure.
As expected and in agreement with the low value previously obtained for the BOD5 on COD ratio (0.17) (Mansour et al. 2012) , the absence of biodegradability of SMT was confirmed, since TOC values remained nearly constant during the 20 days of culture. In the case of treated SMT solution, almost constant TOC values were observed until nearly 10 days of culture; while an almost total mineralization was then observed (97.3 %), since TOC decreased until negligible values after about 13 days of culture.
It can be assumed that at the beginning of culture, microorganisms were not able to assimilate the by-products generated during the degradation of SMT by the electro-Fenton process. A clear decrease was observed from 10 days old culture, indicating activated sludge acclimation to the degradation products resulting from the electrolysis pretreatment. It was in agreement with previous results recorded during the treatment of a pesticide, phosmet, by means of a combined process coupling an electrochemical pretreatment with a biological treatment (Alonso salles et al. 2010) . This trend has been also highlighted by Pulgarin et al. (1995) on the photochemical and biochemical degradation of 4-nitrophenol.
The microorganism culture has been carried out with fresh activated sludge highlighting therefore the need to an acclimation step. However, in case of a continuous supply of an electrolyzed solution on an industrial scale, the activated sludge could be consequently acclimated, leading to a decrease of the time needed for biological mineralization.
In parallel, biodegradation tests have been carried out with electrolyzed solutions considering previous operating conditions (Mansour et al. 2012) . The corresponding conditions were 0.2 mM initial SMT concentration, 18°C, 500 mA current intensity, and ferrous ions and sodium sulfate concentrations of 0.5 and 50 mM respectively. In these conditions, 99.1% degradation yield of SMT was obtained after 30 min electrolysis.
Since previous results highlighted that the biodegradability based on the BOD 5 /COD ratio increased with the pretreatment duration, activated sludge cultures were then carried out for 17-18 days on SMT solutions pretreated in these conditions during various electrolysis times, namely 0.5, 1 and 4 h (Fig.5) (Mansour et al. 2012 ). For 0.5 h, the electrolyzed solution was not estimated as biodegradable with a ratio < 0.4 (limit of biodegradability); the objective was to conclude on a possible biodegradation despite this unfavorable trend. For 1 h electrolysis, the BOD 5 /COD ratio was 0.5; the pretreated solution was therefore supposed to be biodegradable and the objective was to confirm this result. Then, a long time duration (4 h) was tested since a higher biodegradability was expected if compared with 60 min of electrolysis. The objective was to check if mineralization was higher or faster.
The following mineralization yields were observed at the end of the pretreatments, 1.5, 12.5 and 51.9 % for 0.5, 1 and 4 h electrolysis, respectively.
The production of nitrate and ammonium ions has been followed during the electrolysis in these operating conditions (data not shown). Even if ammonium ions were produced from the beginning of the electrolysis, namely before 3 h of electrolysis, the production of nitrate ions resulting from the oxidation of ammonium ions remained negligible. After 0.5 and 1 h of pretreatment, only 1.8 and 3.5% of the initial nitrogen was found in solution suggesting a first attack of only the NH 2 group of SMT. The amount of nitrogen in solution reached 10% after 4 h; while mass balance for nitrogen reached stoichiometric yield only at the end of electrolysis after 10 h. The increasing amount of mineral nitrogen-based ions in solution suggested the pyrimidine ring cleavage leading to short chain aliphatic acids, accounting on the one hand for biodegradability improvement, since they are more biodegradable, and on the other hand for the higher mineralization yield achieved after 4 h of electrolysis if compared to 0.5 or 1 h duration.
in Fig.5 . Similarly to the above biological treatment, almost constant TOC values were observed until nearly 10 days of culture, confirming the need for activated sludge acclimation to the degradation products. A clear decrease was then observed from 10 days of culture and as expected mineralization yields increased with the pretreatment time from 61.4 ( Fig.5a ) and
78.8 % (Fig.5b) for 0.5 and 1 h electrolysis until an almost total mineralization (93.9 % - Fig.5c ) for 4 h electrolysis.
When only SMT was degraded (0.5 h pretreatment), biodegradation was effective but some by-products remained recalcitrant to a biological assimilation. The amounts of recalcitrant by products decreased for a longer duration of the electrolysis. Indeed, after 1 h of pretreatment, the solution was more biodegraded, since nearly 80% of by products were assimilated, and for a longer electrolysis time (4 h), the mineralization was not faster but almost total.
The energy consumption per unit TOC mass (EC TOC ) of the electro-Fenton pretreatment was calculated from equation 4 for 0.5, 1 and 4h of electrolysis (Ruiz et al. 2011) .
Where E cell is the average potential difference of the cell (V), I the applied current (A), t the duration of electrolysis (h), V s the solution volume (L) and Δ(TOC) exp the experimental TOC decay (mg.L -1 )
If the energetic cost is high (2.5 kWh.g -1 TOC) at the beginning of electrolysis (0.5h), it has been decreased to reach 0.44 and 0.4 kWh.g -1 TOC for 1 and 4 h respectively, in agreement with the findings of Ruiz et al. (2011) . This decrease was the consequence of a better mineralization of the solution compared to the sole degradation of SMT.
Conclusions
The electro-Fenton degradation of SMT lead to low levels of oxidation and mineralization, close to 24 and 6.5% respectively after 1 h of electrolysis with an initial SMT concentration of 0.36 mM, a ferrous ions concentration of 0.1 mM, at pH 3, 18°C and 200 mA.
The oxidation process produce organic intermediate products and their identification showed that the main ones were sulfanilamide, 2-hydroxy-4,6-diméthylpyrimidine and sulfanilic acid, as well as carboxylic acids such as succinic, glyoxylic and oxalic as aliphatic by-products.
Their biodegradability appeared higher than that of the target compound, since a total mineralization of the electrolyzed solution was obtained after about 14 days of biological treatment. The relevance of the coupling of an electro-Fenton pretreatment with a biological treatment for the removal of an antibiotic, sulfamethazine, was also highlighted for other electrolysis conditions. Indeed, for an initial SMT concentration of 0.2 mM, a ferrous ions concentration of 0.5 mM, at pH 3, 18°C and 500 mA, the mineralization yield during the biological treatment increased to 93.9% when the pretreatment time was increased to 4 h. The time duration of the pretreatment entails therefore a better biodegradability which results in a higher mineralization of the electrolyzed solution. 
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